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Abstract 

We propose a possibility of the 125 GeV Higgs being a pseudo-Goldstone boson in supersymmetry 
with extra vector- like fermions. Higgs mass is obtained from loops of top quark and vector- like 
fermions from the global symmetry breaking scale / at around TeV. The /i, Bu/fi ~ / are generated 
from the dynamics of global symmetry breaking and the Higgs quartic coupling vanishes at / as 
tan (3 ~ 1. The relation of m so f t ~ 4irMz with / ~ fj, ~ m so f t ~ TeV is obtained and large [i does 
not cause a fine tuning for the electroweak symmetry breaking. The Higgs to di-photon rate can be 
enhanced from the loop of uncolored vector-like matters. The stability problem of Higgs potential 
with vector-like fermions can be nicely cured by the UV completion with the Goldstone picture. 
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I. INTRODUCTION 



The ATLAS and CMS group of the LHC experiments announced 5 a discovery of the 
Higgs boson from the analysis of various channels [U |2]. The invariant mass distribution 
from di-photon and 4 leptons of ZZ* showed a narrow peak at around 125 ~ 126 GeV. 
The enhanced di-photon event observed in 2011 has been reduced in 2012. The number 
of signal events in the combined di-photon analysis is slightly larger than the Standard 
Model prediction though it is compatible within 2 a variance. In this paper we look for the 
implication of the measured Higgs mass and di-photon excess in the Higgs search with no 
discovery of supersymmetric particles. 

The Higgs boson discovery came earlier than expected while weak scale supersymmetry 
discovery is delayed. The usual expectation before the running of the LHC was the opposite 
that supersymmetric particles were expected to be discovered before the Higgs boson if 
supersymmetry is relevant for the electroweak symmetry breaking. The current search limit 
for the gluino and squark is above TeV and pushes the supersymmetric models to the corner 
of the parameter space [3]. 

This tension and the puzzle recently motivated the natural supersymmetry [4T4TT]. The 
stop, the supersymmetric partner of the top quark can be hidden in the top background if the 
stop mass is at around 200 GeV and the search can be difficult [l~2l - [i~4"] . Degenerate spectrum 
can be an alternative due to much weaker bounds from the search as the bound in this case 
would come from the mono-jet search which is a s suppressed [ToT - fT!?] . Nevertheless, in 
general supersymmetry is pushed to high scale and natural electroweak symmetry breaking 
from weak scale supersymmetry looks more and more difficult to achieve. This is also 
supported by the absence of chargino and neutralino search which is predicted to be light if 
/i is small. 

We propose a setup in which the electroweak symmetry breaking scale is lower than the 
supersymmetry breaking scale. The \x problem in supersymmetric models J2D] has a nice 
solution only in gravity mediation [2T]. It lies in the center of the electroweak symmetry 
breaking and make the model building with other mediation mechanism quite difficult [22T 
[25] . We consider a model with large \x without spoiling natural electroweak symmetry 
breaking. H The Higgs appears as a pseudo-Goldstone boson of the global symmetry breaking 

1 Higgs phenomenology of large fi with light CP odd Higgs has been studied in 157] . 
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at around a few TeV and the electroweak symmetry breaking scale is independent of fj,, more 
precisely M§ is one loop suppressed compared to /i 2 , M z ~ fi/in. At the scale of the global 
symmetry breaking, the Higgs potential is absent if the global symmetry was exact at the 
symmetry breaking scale. The global symmetry is explicitly broken by top Yukawa coupling 
and gauge couplings. As a result there appears a loop correction from the global symmetry 
breaking scale down to the weak scale. 

There are several attempts along this direction with the idea of Higgs being a pseudo- 
Goldstone boson [281 - 131] and also in the supersymmetric context [32TH0] . We emphasize 
that there are two important aspects which are not discussed in the literature. Firstly, fi is 
generated at /, the global symmetry breaking scale. Secondly, the presence of new Yukawa 
couplings with extra vector-like fermions can explain the 125 GeV Higgs boson mass even 
for tan (3 = 1 at the scale /. 

Double protection of Higgs mass with supersymmetry and global symmetry generates a 
small quartic generated by top loop from / to m t (the top mass) and predicts a very light 
Higgs mass which is incompatible with the obseved Higgs mass of 125 GeV. We show that 
this problem can be overcome if there are extra vector-like matters with order one Yukawa 
couplings with the Higgs. If the vector-like fermion is at around a few hundreds GeV and 
sfermion is at TeV, the extra vector-like states provide extra loop correction comparable to 
top loop jHHH] and can make the Higgs as heavy as 160 GeV. Note that 

(160GeV) 2 ~ 3M| = Mf (tree) + 2M|(loop). 

Therefore, the entire Higgs mass 

m\ = (125 GeV) 2 ~ 2Mf , 

can come from the loop correction from fi ~ / even if the tree level mass vanishes. 

The vector-like fermions with order one Yukawa couplings can enhance the Higgs to d- 
photon rate compared to the Standard Model [IHHSI]. However, it suffers from vacuum 
stability if the theory is extrapolated to high energy as order one Yukawa couplings make 
the Higgs quartic to be negative at high energy. The scale of transition can be as low as 
TeV if the Yukawa coupling of the vector-like fermions is of order one. In this paper we 
show that the rapid running of the Higgs quartic coupling driven by Yukawa couplings with 

3 



X 




FIG. 1. Schematic plot for the running of the Higgs quartic coupling A. 

The black line corresponds to the running of the Standard Model Higgs quartic. The change of the 
slope is mainly due to the running of the top Yukawa coupling which becomes small at high energy. 
The blue line shows the running of A starting at around 10 TeV down to rrih by top quark Yukawa 
for tan /3 = 1 and no finite threshold correction from the stop. The Higgs mass is ~ M§ in 
this case. In the presence of the stop threshold correction (vertical line at around 1 TeV), the 
Higgs mass ~ M§ is obtained with stop mass 1 TeV for tan f3 = 1 (Half from finite threshold 
correction and the other half from logarithmic running of top quark). The orange line shows the 
rapid running of A in the presence of vector- like fermions without top/stop contributions. Starting 
from vanishing quartic (A = 0) at TeV, rv? h ~ 2M| is obtained with the help of top/stop and 
vector-like matters which is shown in red line. 

the vector-like fermions is a virtue in the Goldstone boson picture rather than a problem. 
With the running, the Goldstone Higgs boson can be as heavy as 125 GeV. 

Goldstone boson picture predicts too light Higgs mass from top loop alone. Vector-like 
fermions needed to explain the di-photon enhancement make the Higgs potential unstable 
at high energy. These two problems are cured if the Goldstone boson explanation comes 
with the extra vector-like fermions. Higgs mass can be as large as 125 GeV with the aid 
of the vector-like fermion Yukawa couplings. The stability problem was due to the simple 
extrapolation of the low energy theory up to high energy. The Higgs quartic is zero at / and 
new degrees of freedom appear from the scale /. The simple extrapolation to higher energy 
is failed. Indeed the potential is flat if the global symmetry is restored. The theory is linked 
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to the supersymmetric theory in which the potential is bounded from below. Goldstone 
picture and the vector-like fermions are the perfect combination which make the setup 
phenomeno logically viable. 

This setup provides an interesting example in which the natural electroweak symmetry 
breaking is not directly related to /i but is smaller by a loop factor. No discovery of light 
chargino and neutralino would be understood in this setup. 

The paper is organized as follows. First, we explain the basic idea of generating large \x 
and also having Higgs as a pseudo-Goldstone boson in supersymmetry. Second, we introduce 
the models with vector-like supermultiplets. Third, we consider a loop correction to the 
Higgs potential with vector-like matters. Fourth, we compute the Higgs to di-photon event 
rate and compare it with the recent LHC data. Finally, we conclude that the pseudo- 
Goldstone Higgs is a viable option in supersymmetry if extra vector-like matters are present 
and the stability issue turns out to be a merit to provide the measured Higgs mass. 

II. A PSEUDO-GOLDSTONE BOSON IN SUPERSYMMETRY 

In this paper we do not discuss how the global symmetry is realized at a few TeV from 
UV theory with higher cutoff and leave it as a separate topic of future work. Also we 
do not discuss the vacuum alignment problem. Here the global symmetry breaking occurs 
along the direction orthogonal to the electroweak symmetry and the electroweak symmetry 
breaking appears from the dynamics of the Goldstone boson. When the global symmetry 
is spontaneously broken by the vacuum expectation value of the singlet, a Goldstone boson 
appears. If the fi term is generated in connection with the global symmetry breaking, we 
can separate the electroweak symmetry breaking from the \i parameter which is tied to the 
global symmetry breaking scale. The electroweak symmetry breaking occurs from the loop 
correction of the pseudo-Goldstone boson potential. As a result the electroweak symmetry 
breaking scale can be naturally low compared to the Mz ~ /i/Air without causing severe 
fine tuning of the parameters. 

There are various versions of models in which the Higgs boson appears as a Goldstone 
boson in supersymmetry. In most cases the generation of jj, is not discussed in detail in 
the model construction. If jj, is very small compared to other soft supersymmetry breaking 
parameters, this can be accepted as a good approximation. However, many model buildings 
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suffer from the generation of the right size \x and also fi/Bfi [22TT25] . Indeed Giudice- 
Masiero mechanism in gravity mediation is the only natural solution and all of the other 
mediation models suffer from \ijB\x problems. Therefore, it would be appropriate to discuss 
the generation of /i from the beginning. 

The mechanism of Goldstone boson Higgs in supersymmetry with [i generation can be 
general and can be realized in many different concrete models but in this paper we take a 
simple specific example to illustrate how it works. The simple example is provided in [22J. 

The superpotential is given as follows. 

W = S(XiH u H d + \ 2 N H N H + A 3 $<5 - M 2 N ) + \ X X<5>$, (1) 

where all of the couplings including are taken to be real by field redefinition. H u and 
H d are two Higgs doublet superfields, N H and N H are two singlet superfields and $ and 
$ are the messengers belong to 5 and 5 representation of 577(5). X is the spurion for 
the supersymmetry breaking with (XxX) = M + 8 2 F. For the special choice of couplings 
A = Ai = A2, a global SU(3) symmetry appears. The fields E = (H u , Nh) and E = (Hd, Nh) 
transform as triplet and anti-triplet under the SU(3) transformation. In the 577(3) limit, 
the superpotential is written as follows. 

W = 5(AEE + A 3 $$ - Ml) + A X X$$, (2) 

In the supersymmetric limit, the VEVs of Nh and Nh break the SU(3) down to SU(2). 
Gauge and Yukawa interactions break SU(3) symmetry explicitly. There are 9 — 4 = 5 
broken generators corresponding to one Higgs doublet and one singlet and the corresponding 
Goldstone bosons get their masses from loops. In principle, it is possible that the SU(2) 
doublet H u and Hd can develop the vacuum expectation value (VEV) just like Nh but we 
do not consider this vacuum alignment problem in this paper and assume that only the Nh 
and N H get VEVs. 

At one loop, a tadpole for S appears in the potential after integrating out the messengers 
and (S) 7^ is developed. The tadpole for S arises only after the supersymmetry breaking 
and is absent in the supersymmetric limit. As a result of non-zero vacuum expectation value 
(VEV) of S ((S)), the F-flat relation for S is not satisfied and B\i = Xi(F s ) is generated, 
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too. 

5 A1A3AX F 2 

Bp = -&, (4) 

where M = A^PO and F = \x(Fx}- The 2x2 mass matrix for two neutral Higgs if° and 
i?2 is 



(5) 



Note that = yU 2 holds at one loop if Ai = A 2 . In this limit, the CP even Higgs mass 
matrix is 





(6) 



The determinant of the mass matrix is and the massless eigenstate (H® + if °) / \/2 appears 
as a Goldstone boson. Also there is a SU(2) singlet Goldstone boson but it does not couple 
to the Higgs doublet directly and also they get the mass from loop corrections below the 
global symmetry breaking scale / ~ M N . 

There are three different scales M N) M and y/F. Both X and S couple to messengers 
and Mjy ~ is generated at one loop from the Kahler potential (X^S) even if it was 
absent at tree level. 

In the absence of the complete model, the discussion is not valid since the top Yukawa 
coupling explicitly breaks the global symmetry. Therefore, the model needs the extra T' and 
f" such that Q,T' can form a triplet under global 577(3) and new Yukawa yN H T'u c should 
be present. We assume that there are these partners with mass of order / such that all the 
discussion of Goldstone boson Higgs can make sense. It applies to other global symmetry 
examples. Later for the vector-like leptons, the presence of the extra lepton pair with mass 
of order / is also assumed. 

In summary the relevant scale is following. 

• Messenger scale M : can be heavy (> / ~ /i) 



7 



Global symmetry breaking scale / : TeV or heavy 



• Supersymmetric Higgs mass fi : TeV 



• Soft scalar mass m so ft : TeV 



If the global symmetry is well preserved in the symmetry breaking sector and is only 

A 2 - 



broken by the Yukawa couplings and gauge couplings at the scale / = (N) (= the 



potential for the pseudo-Goldstone Higgs vanishes at the scale /, 

V(h) = 0. 

Below the scale /, there would be a correction to the Higgs potential. Indeed 

3 3 m 2 

V(h) ~ -c(f,m so(t ) — y 2 t ml h \h? + _ y 4l og (-f*)|fc| 4 , (7) 

where c(f, m so f t ) is a function of / and m ao ft and is of order one when they are comparable, 
/ ~ rn soft . 

In the MSSM, the light CP even Higgs gets a loop correction to the mass [55] [56] [57] . 



i * mi + 



4tt 2 



m i , X?, 1 xl 



log -| + , 

mi mj 12 mi 

t t 



(8) 



where X t = A t — /// tan (3. 

The physical Higgs mass, m\ ~ (125 GeV) 2 ~ 2M|, gives a picture on the size of the 
corrections to explain the observed Higgs mass for the Goldstone boson Higgs. In the MSSM, 
tree level mass m\ is at around M§ and one loop correction from top loop is about M§. 

For tan/3 = 1, the tree level mass is zero as it is in the vanishing D-flat direction and 
top/stop contribution is Sm\ ~ M§. If there is a vector-like states and if there is an order 
one Yukawa couplings, it would be possible to get a correction of order M§ from the one-loop 
running which is comparable to the one from the top/stop loop. 
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III. PHENOMENOLOGICAL MODEL BELOW THE GLOBAL SYMMETRY 
BREAKING SCALE 

In this section, we present a phenomenological model which is relevant for LHC mea- 
surement of Higgs and electroweak precision measurements. As we have discussed in the 
previous section, we would not provide a complete model for global symmetry breaking but a 
phenomenological model of Psedudo-Goldstone Boson (PGB) Higgs with vector-like matter 
superfields. 

In the context of extended MSSM, implications of vector-like matter have been discussed 
in literatures [4T1 - |4"8] . Without introducing additional gauge symmetry, we would consider 
SM-like vector-like superfields that can couple to SM Higgs and SM superfields. Such vector- 
like superfields with charge assignment under SU(3) C x SU{2) L x U(l)y are given by 



Q = (3,2,l/6), g = (3,2,-l/6), (9) 

U= (3,1,2/3), U = (3, 1,-2/3), (10) 

E = (1,1,-1), £=(1,1,1). (11) 

which can be embedded in 10 + 10 under SU(5)g, and 

L = (1,2, -1/2), L = (1,2,1/2), (12) 

N = (1,1,0), N= (1,1,0), (13) 

D= (3, 1,-1/3), D = (3, 1,1/3). (14) 



which can be embedded in 5 + 5. For the gauge coupling unification, we should include the 
fields that form complete representations of SU(5), so we can include 10 + 10, 5 + 5, or 
both. 

From the recent measurement of Higgs decay [H [2] , we have seen some substantial excess 
in diphoton channel but not in other channels though the error bar is large at this stage. If 
we anticipate that the diphoton excess compared to the Standard Model prediction survives 
even after the error bar is reduced, it means that Higgs to di-photon coupling {h — 7 — 7) 
is enhanced by some new physics effects but Higgs to gluon coupling (h — g — g) is not. For 
such reason, we do not consider the vector-like particles with color since they also modify 
h — g — g coupling. By decoupling colored vector-like particles, we can construct a model 
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with only vector-like leptons. The superpotential is given by 



W LNE = M L LL + M E EE + M N NN + k E H u LE - h E H d LE + k N H u LN - h N H d LN, (15) 

where H u and Hd are Higgs superfields of MSSM. 

As discussed in the previous section, we consider TeV scale fi and Bfi term which are 
related to global symmetry breaking scale. Therefore, at that scale, CP-even Higgs mass 
matrix is given by ([6]), and one of the eigenstates is massless and is identified as SM Higgs. 
This can be interpreted as MSSM light CP-even Higgs state for tan (3 = 1 and m\ ~ Bfi ~ 
/i 2 . In the CP-even Higgs mixing relation, 




cos a sin a 
— sin a cos a 




(16) 



we can take a = (3 — n/2 = —ix/A and h = (hd + h u )/y/2 as seen in the previous section. 
The heavier eigenstate H gets its mass of the order of fi ~ / and is integrated out below 
the global symmetry scale. Fermionic components of Higgs doublets, Higgsinos are also 
integrated out at the same scale since \i is the Higgsino mass. Hence, our setup is effectively 
SM Higgs boson with matter superfields, i.e., we include whole supermultiplets for matter 
fields but we include only the lightest scalar component for Higgs supermultiplet. Due to 
the renormalisation group (RG) running from the scale of global symmetry breaking to weak 
scale, quadratic and quartic potential of Higgs are developed as we discussed in the previous 
section. In the following section, nevertheless, we keep the notation of H u , and their 
VEVs v u , Vd for convenience. For the physical observables, we will take tan = 1. 

In order to modify Higgs decay to di-photon, it is enough to introduce charge particle 
Yukawa couplings, k E and h E and the large Yukawa coupling can contribute Higgs quartic 
coupling for 125 GeV Higgs mass. Then, we might decouple neutral particle by putting Mn 
very high or and very small. In such case, however, isospin symmetry is maximally 
broken and large Yukawa coupling k E and h E that are required to make Higgs mass 125 
GeV substantially contribute oblique parameters S and T. If (k N , h N , M N ) are similar to 
(k E , h E , Me), i.e., neutral sector are similar to charged sector, then isospin symmetry is 
approximately preserved so T is highly suppressed. We will discuss this issue later. 

In addition to oblique corrections, including neutral particles has another advantage. 
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Higgs mass can be generated partly by stop loop and partly by vector-like matter loop. 
Under the assumption that soft mass scale of vector-like particles is not much higher than 
TeV scale, it is somewhat difficult for loop correction of vector-like scalar to be as large as 
stop loop correction since leptonic particles do not have color factor 3. On the other hand, 
if we introduce neutral vector-like particles which have similar Yukawa coupling as charged 
particles, they take part of sizable corrections for Higgs mass, i.e., it makes the effect of 2 
copies of lepton pair. This will be discussed in the following sections. 

IV. HIGGS MASS IN SUPERSYMMETRY WITH VECTOR-LIKE STATES 

In calculating Higgs mass correction in the MSSM, it was found that one loop correction 
is positive and two loop correction is negative. Although two loop correction is smaller 
than one loop, it requires much heavier stop much than one loop case since the slope in the 
Higgs-stop mass plot is very mild at 125 GeV Higgs mass. However if one includes three 
loop correction, then it is not very different from one loop result [58]. 

As the three loop result is more close to the one loop result rather than two loop compu- 
tation, we calculate Higgs mass correction from extra vector-like matters only in one loop 
accuracy. We use one loop effective potential method. We consider tan /3 — 1 from now on. 

Let us begin with the familiar top/stop contribution to the Higgs mass in the MSSM. 
We assume that /i is order of 2 ~ 3 TeV. Then the finite threshold correction from stop to 
Higgs mass is maximized when the stop mass is around (2-3 TeV)/^ ~ 0.8 ~ 1.2 TeV 
without considering two loop effect. Logarithim correction is larger for heavier stop but stop 
gives the largest finite threshold correction for the maximal stop mixing, \/6m^ ~ /i. The 
FeynHiggs result is given by Figj2} It is possible to make A(ml)MSSM to be order of Mf 
with m 4 ~ ~ 1 TeV. 

In the MSSM part, our FeynHiggs result cannot be so accurate because extra vector-like 
states can modify it through 2-loop beta function. However, we assume that they do not 
have color charge and thus this effect is expected to be small enough. 

The Fig. [2] shows the fi dependence of the Higgs mass correction for fixed stop mass. For 
mi < 800 GeV, Am^ rapidly increases because the non-logarithmic part is proportional to 
— /i 4 /m^. And it gets local maximum for /i 2 /m? ~ 2. And there is an almost flat region 
since logarithmic part cancels the decreasing effect of finite threshold correction. 
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FIG. 2. FeynHiggs result of Am/, for MSSM contribution, fx is fixed by 2 TeV. 



Now, we would proceed to analyze the vector-like matter effects on Higgs mass correction. 
First, we would consider the Higgs mass correction from charged fields, (L,E,L,E). The 
structure of the Higgs mass correction from neutral fields, (L,N,L,N) are exactly the same 
as charged part, so we can simply add for the real calculation. In order to calculate Higgs 
mass correction, we should identify masses for fermion components and scalar components 



of vector-like superfields. From the superpotential (15), we can easily read off the fermion 
mass matrix, which is given by 



E C L E%) Mj 



E L 
E 



R , 



El E R 



M L k E v\ E L 
h E v M E \E Ri 



(17) 



where we redefine the charged fermion, 



L 




E = E 



R) 



E = E R . 



Note that superscript c does not mean charge conjugation. We obtain 



(18) 
(19) 



M)M f 



Ml + h\v 2 M L k E v + M E h E v 
M L k E v + M E h E v Af| + k\v 2 



(20) 
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where we assume the masses and Yukawa couplings are real for simplicity. Together with 
superpotential (15), soft SUSY breaking terms are also included for scalar components as 
follows. 



-£ soft =m\ \L\ 2 + m||L| 2 + m 2 E \E\ 2 + m||£| 2 

+ b L LL + b E EE + a k H u LE - a h H d LE + h.c. 



(21) 



The scalar mass matrix in basis (E L , E C R , E L , E^), The scalar mass matrix is given by 



Ml 



M) 



I m\ 

Li 



alv 



k E fj,v^ 





b L a h v - h E fi*v 
\a k v - k E fi*v b E 



a* h v — h E \xv 



m, 



b* 



m, 



(22) 



where 



M f M) 





t 



MfMf 



(23) 



From the above mass matrices of fermions and scalars, we can calculate the one-loop 
effective potential, which is given by 



AV 



2N 
64^2 



4 r 



E 



i=l 



Mi [ In — 



-Mi 



M 2 F 

111 # 



(24) 



where Mg- and M^. are eigenvalues of mass matrices, (22) and (23), respectively, and the 



whole expression is multiplied by N, the copy of vector-like matters. From this effective 
potential, we can read off the Higgs quartic coupling, 



AA 4 _ 1 d 4 AV(h) 
T ~ 4! dh A 



h 4 



(25) 



h=0 



and 



Am 2 h = 2AX{hf 



(26) 



where (h) = \^2v and v = 174 GeV. We would consider a limiting situation so that a 
simple approximate expression can be obtained. Let us take a limit of M E = M E = M E , 
m\ = rrij = m 2 E = mL = m 2 s and h E = k E . We also neglect a k and because of large 
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fi. However, it can be easily restored if we replace \x by [l — a/k. The eigenvalues of the 
vector-like fermions and scalars are given by 



(M F )± = M F + k 2 E v 2 ± 2k E M f v = (M F ± k E v) 2 , 

' m 2 + b + M| + k 2 E v 2 - 2k E vM F + k E /j,v 

, 9x m 2 + b + M 2 + k\v 2 + 2k E vM F - k E [iv 
(M 2 )i = { 

m 2 -b + M F + k 2 E v 2 + 2k E vM F + k E \xv 
K m 2 -b + M F + k%v 2 - 2k E vM F - k E /j,v 



(27) 



(28) 



Two scalar masses becomes smaller as b increases. At the Lagrangian level, it seems to be 
natural that b is order of m s M F ~ m^/(few). However, in order not to have tachyonic scalar 
with large fi, b much smaller than m 2 is considered. Thus from now on, consider b is a small 
parameter. Also, /i cannot be larger than (m 2 + M F )/k E v for the same reason. Neglecting 
6, the scalar mass can be rewritten as 



M s = m l + ( m f)± ± fJ-kEV, 



(29) 



where ± means all four possibilities. 



Plugging the above eigenvalues into Eq. (24) and combining the neutral particle contri 



bution, the one loop correction to the Higgs mass is given by 



AK) W = % + M [In* + f(x)] + Am 2 ,, 



where 



and 



x 



(Ml + m 2 s 
M 2 



(30) 



(31) 



/(*) 



1 

12 
1 



(M 2 + mlf 

,2 



12 l(M 2 +m 2 s 



24( 



12( 



1 



2 x Ml + m\ 



+ 16(l--)(2 



x' 



+ 



32 



,1 

1 x 



1, 

X' ' x' 
7 " 
64 



(32) 
(33) 



The function f(x) represents the finite threshold correction when the vector-like scalar 
particles are integrated out. For h E = k E and h N = k N , the finite threshold correction 
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FIG. 3. Left plot is obtained by fixing m s = 1 TeV, k E = k N = 1.0 and Mp = (200, 300, 400) GeV 
for (thick, dashed, dotted) lines. Right plot is obtained by fixing m s = 1 TeV, Mp = 300 GeV and 
k E = kN = (1,0.85,0.7) for (thick, dashed, dotted) lines. The number of copy is one (N=l) for all 
cases. 



can not be large. In the above expression, the first line shows that f(x) is negative for 
x < 2 as all three terms are negative. In order to obtain a positive threshold correction, 
x > 2 is necessary. We restrict our discussion to the case of x > 2, i.e., m s > Mp. Unlike 
the stop case, the finite threshold correction f(x) has a maximum value 1/3 which is very 
small compared to the stop case in which the finite threshold correction is comparable to 
logarithmic contribution for ~ 1 TeV. 

If we take 



12( 



1 



x 



)(M 2 F + m 2 ) = 6(m 2 - M; 



F)i 



(34) 



the finite threshold correction to the Higgs mass is maximized. In the limit of large x 
(m s 3> Mp), the condition is the same as the stop case. Therefore, if soft supersymmetry 
breaking scale is large compared to the vector-like fermion mass, we can simultaneously 
maximize the finite threshold correction of stop and vector-like scalar by choosing the stop 
mass and the vector-like scalar mass to be the same. More precisely, m 2 — Mp = rri~ is the 
best choice. Fig. [3] shows the correction to the Higgs mass as a function of \i for given m s . 
It also shows the dependence on Mp and k, respectively. Am^ is proportional to k A . Thus 
1.2 times large k provides twice larger correction. 

These values are plotted in Figj4] and Figj5j From Figj4j we know that it is possible to 
make A(m^) (vcc - ) ~ M| with one copy of vector-like matters if k = 1.0 and m s is around 1 
TeV. Two copies are needed for k = 0.85. 

Even for large fi, the scalar mass squared should be positive in order not to break U(l) em . 
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FIG. 4. Maximum value of m| for given M E with N=l. The (Thick, Dashed, Dotted) lines 
correspond to M F = (200,300,400) GeV. Red line is m\ = (90 GeV) 2 and blue lines are Am 2 h = 
((90 ± 20) GeV) 2 . The left is for k E = k N = 1.0 and the right is for k E = k N = 0.85 



The lightest scalar mass eigenvalue is given by 

m 2 + Mj. + k 2 v 2 - 2kvM F - kfiv 
= m 2 s +M F + k 2 v 2 - 2kvM f - VGkv^m 2 - M 2 

> (Mj — kv) 2 + m s {m s — \f~Qkv) 

> m s (m s - VQkv). (35) 

In the second line, the condition for the maximum correction to the Higgs mass is used. If 
m s > \J~Qkv ~ 426 GeV, the scalar mass squared still remains to be positive for the choice of 
[i which gives the maximum threshold correction to the Higgs mass and there is no problem 
of [7(1 ) em breaking. 

The correction proportional to the b parameter is, 

2 2Nv 2 {k% + k%) Mf F (/i 2 + M 2 - 3m 2 ) 

A(mj 6 _ — 2 (M 2 + m 2 )3 ^ W 



We also take = b E = b. This agrees with the result in [45] setting k = h and tan/3 = 1. 
The effect from b is suppressed to be 

2y/3Nv 2 (k E + k%) M E b 



7T 2 ^ m 2 s + M 2 F m 2 s + M 2 ' 

for \x ~ \/6m s and very large m s . Thus we also neglect A(m 2 1 )b from now on. 
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FIG. 5. Maximum value of y(Am|)( vcc ) for each m s and Mj with N 
kE = kjy = 1.0 and the right is for kE = kjy = 0.85 



1. The left is for 



V. HIGGS DECAY TO DIPHOTON WITH VECTOR-LIKE FERMIONS 

In this section, we consider the modification of Higgs decay to photon pair. The partial 
decay width of diphoton decay is given by 



T(h -+ 77) 



am 



h 



1024tt 3 



9hVV 



2 9hff 



9hSS 



m 



V 



QyAiijv) + ^^N cJ QjA 1/2 (r f ) + N c , s Q 2 s ^A (t s ) 



m f 



mt 



, (37) 



where V, f and S stand for vector, fermion and scalar particles. Q^s are ith particles' 
electromagnetic charge and N c j( S ) is internal degree of freedom such as color. g hii can be 
obtained by the mass eigenvalue of each particle by taking g hii = dmi/dh for fermions and 
gnu = dmf/dh for scalars and vector bosons. Note that (h) = \/2v and v = 17 '4 GeV as 
before. Loop functions Aj(r)'s are given in Appendix and Tj = 4mf/m\. In the SM, the 
dominant contribution is from W boson loop, and the subdominant one is from top quark 
loop. For 125 GeV Higgs, the numerical values are given by 



A 1 (r w ) = -8.32, N c Q 2 t A 1/2 (r t ) = 1.84. 



(38) 



Top quark contribution destructively interfere the dominant W boson contribution. In the 
case of chiral fermion that couple to Higgs as SM fermions, the situation is the same as 
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in the top quark case. According to jl9], large mass mixing between chiral fermions states 
that is induced by Yukawa coupling can make the interference constructive, i.e. g^ff can 
be negative after diagonalization. Scalar contribution is also similar to fermion case, large 
mixing between scalars can make one of ghss negative. 

In order to easily see the condition for constructive interference, It is illustrative to 
consider the limit that the charged particles in the loop are very heavy limit. The effective 
lagrangian for Higgs-photon-photon coupling is derived by low energy Higgs theorem |59| [60] . 
The effective lagrangian is given by 



_ aF av F^ h 



E ^flw^ lo s ( det M h M ^) + E b 



v L i i 

(39) 



where M.f,i and A4b,i are the mass matrices of fermions and bosons, bi's are the beta 
function coefficients which are given by q 

4 

bi/2 = 7;N c jQ 2 j- for a Dirac fermion, (40) 

b\ = -7 for the W boson, (41) 

b = -N c sQ 2 s for a charged scalar. (42) 
3 

For LNE model, we only care about LE, because N doesn't change Higgs-photon-photon 
coupling. If the mass matrix is in ther form such as 



M)Mi = | % 'a , (43) 
m\i m 2 22 



we find 



I log ( det M)M t ) = m2 ^_ ^ (m^m 2 , + m^m 2 , - ^|m 2 2 | 2 ) . (44) 



2 Higgs-gluon-gluon coupling can be obtained by replacing 2N c j^Q 2 ^,-,a with a s S ab 
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From the fermion mass matrix (20), we obtain 
^log(det M\M f ) 

= AtT^{( m2 l + h 2 E v 2 )k 2 E v + (Ml + k 2 E v 2 )h\v - (M L k E + M E h E fv} 

del M jM j 

4:k E h E v 

M E M L -k E h E v 2 ' [ ' 

If MlM e > k E h E v 2 , the first (second) quantity become negative so that such contribution 
contructively interfere dominant W boson loop. Moreover, the amount of fermion contribu- 
tion is proportional to product of Yukawa couplings, h E k E , in the limit of large SUSY mass, 
Ml and M E . It agrees with the fact that large mixing between fermions make fermion loop 
contructively interfere W boson loop. 



In the similar way as fermion case, we can see the scalar contribution to Higgs-photon- 



photon coupling from the scalar mass matrix (22). In order to visualize in easier way, we 



can change the basis of the scalar mass matrix as the following. 



V ] M 2 S V 



A C 
Ct B 



(46) 



V 



with 

/l o\ 
1 
10 
\0 1 0/ 

The A, B and C are 2x2 matrices which are given by 



(47) 



.4 



M[ + k E v 2 + a k v — k E /jv 

a>kV — k E \iv M E + k 2 E v 2 + m\ 



(48) 



B 



Ml + h 2 E v 2 + m 2 L ahV — h E \xv 
dhV — h E fiv M E + h E v 2 + 



(49) 
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c 



b L h E M L v + k E M E v 

k E M L v + h E M E v b E 



(50) 



Note that we assume all parameters are real. In the limit of very small C, A and B can 
be separated into two independent 2x2 matrices and look very similar to ordinary slepton 
mass matrices. In the limit of /x ~ > Ml ~ M E and m 2 s ^> b, C is subdominant part of 
whole mass matrix so that we can deal with it as perturbation. Moreover, its contribution 
is on rise in second order, i.e., (9(v 2 //i 2 ). Thus, we can obtain the diagonal mass matrix at 
the leading order, 



U\ \ ( A C 



u. 




Ct B 




I U\AU X U\CU2 



(51) 



where 



and 



cos 6*i — sin 6i 
sin 8i cos 9\ 



tan 26»i 
tan 26*2 



U 2 = 



cos 8 2 — sin 9 2 
sin 82 cos #2 



(52) 



2(a k v - k E nv) 



2 > 



M 2 L - M% + m 2 - - 
2(a h v - h E fiv) 
Ml- M E + m 2 L - mL 



(53) 
(54) 



Neglecting the off-block contribution from C matrix which will appear in the sceond order 



of perturbation, we simply obtain the scalar contribution from Eq. (44) as in the fermion 
case. It is given by 



d_ 
dv 



log ( det M 2 S ) 



2(M£ + m| + Ml + m E )k 2 E v - 2k\[i 2 v 
(M 2 + m|)(M| + m|) 
2(M 2 + m\ + Ml + m^)h 2 E v - 2h 2 E fi 2 v 
+ (Ml + mDiMl + m 2 ) " 



(55) 



In order to make constructive interference, we should satisfy /1 2 > M 2 + m^- + Ml + m 2 E and 
yU 2 > Ml + m 2 L + Ml + m 2 ^. However, since we consider the case of fi ~ ms ^> M^ ~ M E 
to make sizable Higgs mass correction, the effect is not large. 

In such limit that we consider in this paper, we can easily use the above equations to 
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estimate the enhancement effect for Higgs decay to diphoton since the loop functions rapidly 
approach to its asymptotic values once the mass of the particle is larger than Higgs mass. 
For example, if the mass is around twice of Higgs mass, we can deal with this within 10% 
error. One more thing to emphasize is that the loop function of fermion and scalar decrease 
monotonically as the mass increases, so the result in such limit is generally smaller than 



real value. Plugging Eqs. (45) and (55) into (39), we obtain the approximate result in the 
leading order, 



fvec 



aF^F^h 



4k E h E v 



M E M L - k E h E v 2 



+ 



16^2- 

2 [rrij + m 2 E — fi 2 )k E v 2 {m 2 L + mL — fi 2 )h 2 E v 



2 2 

m^m E 



+ 



aF^F^h 
16tt 



x 



8V2 



3 

h E k E v 



2 2 



3 M L M E -k E h E v 2 ' 



(56) 



From the above result, we can estimate the enhancement of partial decay width of Higgs to 



diphoton. Using the SM values for W boson and top quark in (38), we can obtain simple 
relation, 



R 



77 



1 + 



A 



NP 



A 



SM 



8^ 



h E k E v 



V2(-8.32 + 1.84) J V 3 M L M E - h E k E v< 



(57) 



where we neglect the stop contribution in the second line since stop masses are large to make 
one loop correction M|. With MSSM stop contribution, Fig. [6] and Fig. [7] are obtained. 
In all of the plots, the light stop contribution to h — g — g coupling is 0.01 and h — g — g 
coupling just like the Standard Model coupling. 

The first parenthesis in the second line is the inverse of sum of W and top contribution, 
while the second one is vector-like fermion contribution. i? 77 = 1.46 for Ml = M E = 300 
GeV, and i? 77 = 1.20 for Ml = M E = 400 GeV. These numbers coincide very well with the 
numerical result depicted in Fig. [6] when number of copy is 1 and soft mass is very large. 

For M E M E 3> k E h E v 2 , the expression is further simplified, 



R 



77 



1 ~ 0.8^^ + 0(h 2 E K 2 E v'/M 2 L M 2 E ). 

M L M E \ E E I L E) 
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(58) 



0.2 



200 80 



200 



800 



1000 



1200 



1400 



800 



1000 



1200 



1400 



soft mass [GeV] 



soft mass [GeV] 



FIG. 6. Orange region is for y (Am|)( vcc ) = 80 - 100 GeV. Blue regions is it! 77 smaller than 1.8. 
Red dashed line denotes AS = 0.1 and 0.2, respectively. \x is fixed by 2000 GeV and (stop soft mass) 
= 1000 GeV. Here, k^ = kp = 1.0. Left and right correspond to N = 1 and 2, respectively. The 
light vector-like fermion mass can be read from the relation with the SUSY mass, Mp— = Mp — kv. 
For k = 1, Mp — 174 GeV is the light fermion mass. 

There is a correlation between the Higgs mass correction from the vector-like states and 
the di-photon enhancement if soft scalar mass of the vector-like states is given. For given 
number of copy N, Yukawa couplings kp = hp = k, and the vector-like scalar soft mass m s , 
there is the upper bound on the vector-like fermion mass to give Am^ = M|. Then in turn 
it gives a lower bound on i? 77 — 1, the minimum enhancement of the di-photon event rate. 
In the limit of m s ^> Mp ^> kv, the minimum enhancement of di-photon event has a simple 
analytic expression, 



The minimum enhancement is obtained from the upper bound for Mp needed to raise 
the Higgs mass for given m s (and // for the maximal mixing). Of course the minimum 
enhancement rate disappears for large m s with appropriate choice of \x for the maximal 
mixing. For given k, there is an optimum choice of iV which makes the minimum of the 
i? 77 — 1 to be the smallest. If the soft supersymmetry breaking parameters are constrained 
to be smaller than 1 TeV (1.4 TeV), the Higgs to di-photon rate is predicted to be enhanced 




(59) 



22 



800 1000 1200 1400 

soft mass m s [GeV] 



800 1000 1200 1400 

soft mass m s [GeV] 



FIG. 7. Everything is the same with Fig. [6] except that kjy = Ue = 0.85 and the left and right 
correspond to N = 2 and 3, respectively. The light vector-like fermion mass can be read from the 
relation Mp- = Mp — kv. For k = 0.85, Mp — 148 GeV is the light fermion mass. 

at least by factor about 1.6 (1.3) for k = 1 and N = 1. If N = 2 and k = 1, the Higgs to 
di-photon rate has the minimum enhancement of 1.3 (1.2) for m s = 1 TeV (1.4 TeV). 

Finally we add a few comments on the effects of vector-like fermions on the electroweak 
precision observables. The extra vector-like doublets having Yukawa couplings with the 
Higgs can make a contribution to S and T parameters. Unless the vector-like fermion is 
extremely light, we can simplify the correction of the vector-like fermions to S (kv <C Mp). 
In general, vector-like fermion doublet (U,D) contributes to S and T. If Mjj = Mp, = Mp, 
hu = kjj, hp, = kp,, the expression can be made simple. 



6tc 



mjr m T T 
-2Ylog' Ul U2 



1 ' ' v r kjjv , 2 ,kp>v 2 kv 4 



m 2 D m 2 D2 j 



lliV 
f 307 



, +(— Y + o((- 

Mp K M F J U M 



(60) 



Here Y is the hypercharge of the doublet fermion and (^dJ is the eigenvalue of the 
upper (lower) component fermions with i — 1, 2 (U — N, D — E in our case). The first term 
can take any sign depending on the mass eigenstate while the second term is always positive 
definite. Therefore, there is a parameter space in which two contribution can cancel with 
each other. In the special limit of degenerate spectrum for up and down fermions (kp = hp 
in the LND model), the first term proportional to Y disappears and the contribution to S 
is positive definite. In the Fig. [6] and Fig. [7j AS = 0.1, 0.2 contours are plotted. 
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FIG. 8. Catoon picture of S and T from dif- 
ferent choice of Yukawa couplings. Although 
k]\f = kp was taken for simplicity in the anal- 
ysis of this paper, it is possible to bring it 
back to 1 a ellipse of AS and AT by choos- 
ing a slightly large k^ compared to kp. The 
choice of k^ > kE can generate positive AT 
and negative AS. 



If Mjj = Me = Me, hu = ku, hp = kp>, the expression for T can also be made simple. 



The T parameter can be made to be small if the custodial SU(2) is not broken by the 
vector-like fermions. In the limit of kjj = kp(k^ = kE) and hjj = hp{h^ = hp), indeed AT 
vanishes. If kjj ^ kp, the vector-like fermions positively contribute to AT. 

The custodial SU(2) limit (k^ = kE) in our model is not the ideal point for the elec- 
troweak precision observables as AS* monotonically grows as Me becomes light while AT = 
is maintained independently of Mp. However, this problem can be easily overcome by mak- 
ing kp slightly larger than k^. The difference of kp and k^ generates positive AT. Slightly 
large kp compared to k^ will make the determinant of E fermion to be smaller than that of 
N. As a result, the hypercharge (Y — — |) dependent term in AS becomes negative and it 
can make AS" to be smaller than the value computed in the kp = k^ limit. Thus kp > k^ 
can provide nonzero positive AT and at the same time reduces AS*. 

We presented the plots with the simplest choice which has the custodial SU(2) symmetry. 
As a result, the analytic expression became very simple. The general discussion is valid for 
kp 7^ k^ and to accommodate the electoweak precision observables is not difficult by allowing 
more general choices of parameters. 

VI. CONCLUSIONS 

We considered a possibility of obtaining natural electroweak symmetry breaking in the 
setup of large \i in the MSSM with vector-like matters. Even for tan/3 = 1 at the scale 




(61) 
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/ ~ jj, ~ m so f t , the radiative correction of top quark and extra vector-like matters can 
explain the observed 125 GeV mass of the Higgs boson. 

Roughly, m\ ~ 2M| holds for m h = 125 GeV. In the MSSM with maximal stop mixing, 
tree level Higgs mass is m\ = M§. One loop correction from top/stop provides Sm\ ~ Mf if 
stop is at or below TeV and the mixing is maximal. In our setup, large [i and tan (3 ~ 1 easily 
provide maximal stop mixing for ji ~ 2 TeV and m so f t ~ 1 TeV. For tan/3 = 1, the tree level 
Higgs mass is zero. Instead, extra vector-like fermions provide the additional 8m\ ~ Mf if 
the vector-like scalar partners are at around TeV. As a result, m\ = (125 GeV) 2 ~ 2M| can 
be obtained. One half is from top/stop loop and the other half is from vector-like matter 
loops. 

The usual wisdom is that fi should be small to have a natural electroweak symmetry 
breaking. Large \i can be compatible with the natural electroweak symmetry breaking as 
long as the Higgs arises as a pseudo-Goldstone boson in supersymmetry after the generation 
of large fi and B\i. 

We studied the Higgs phenomenology of tan (5 = 1 and large \x in the MSSM with vector- 
like matters. However, it would not be so difficult to find a UV completion of the model 
which naturally provides the massless scalar degree of freedom at a few TeV. We leave the 
specific model construction of the Goldstone boson idea to future work. 

The vector-like fermions with (large) order one Yukawa couplings make the Higgs quartic 
to be negative at (multi-)TeV scale. This feature was regarded as a dangerous aspect of 
models explaining the enhanced di-photon rate. We showed that indeed it is a virtue if the 
Higgs boson arises as a pseudo-Goldstone boson at (multi-)TeV scale. 

We considered uncolored vector-like matters motivated by the enhanced Higgs to di- 
photon rate of the LHC measurement. It is possible to obtain 1.5 (1.2) times the Standard 
Model rate if the extra vector-like lepton is as light as 130 (250) GeV. Indeed there is a 
correlation between the Higgs mass correction from the vector-like states and the di-photon 
enhancement. If the soft supersymmetry breaking parameters are constrained to be smaller 
than 1 TeV (1.4 TeV), the Higgs to di-photon rate is predicted to be enhanced at least by 
factor about 1.6 (1.3) for k = 1 and N = 1. The minimum enhancement is obtained from 
the upper bound for Mp needed to raise the Higgs mass for given m s assuming jj, for the 
maximal mixing. As a result the minimum enhancement rate disappears for large m s . 

We leave the collider phenomenology of the vector-like states as a future work which 
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crucially depends on whether there is a mixed coupling of the vector-like states with the 
Standard Model states. 
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